Abstract. Worldwide, riverine fish are the target of environmental water because populations have declined in lotic river habitats following river regulation. Murray cod is an endangered Australian riverine fish with remaining populations associated with lotic river reaches with instream habitat, including some creeks operated as part of irrigation systems. Our objectives were to develop a life history model, apply the building block method of environmental flows to enhance the abundance of juvenile Murray cod and promote population recovery. From 2008 to 2018 we evaluated changes to Murray cod juvenile abundance before and after implementation of a perennial environmental flow regime that began in 2013. During the first year of the environmental flow, larvae were collected as evidence of spawning. Murray cod abundance can be enhanced with environmental flows that target: (1) an annual spring spawning or recruitment flow with no rapid water level drops; (2) maximising hydrodynamic complexity (i.e. flowing habitats that are longitudinally continuous and hydrodynamically complex); and (3) an annual base winter connection flow. Recognition that incorporating hydraulics (water level and velocity) at fine and coarse time scales, over spatial scales that reflect life histories, provides broader opportunities to expand the scope of environmental flows to help restore imperilled fish species in regulated ecosystems.
Introduction
In many parts of the world, environmental flows (i.e. water quantity, timing and discharge) are being returned to rivers, wetlands and flood plains to restore the health of native fish, birds and trees (Acreman et al. 2014; Horne et al. 2017) . Riverine fish are commonly the target of environmental flows because many populations have declined following river regulation (Koster et al. 2017; Belmar et al. 2018) . Typically, environmental flows restore specific aspects of river hydrology, such as more natural flood frequency, discharge, magnitude (i.e. volume), duration, rate of change and timing, all components that can be targeted to benefit native fish (Poff and Zimmerman 2010 ; Arthington et al. 2018; Poff 2018) .
Two additional components of environmental flows that are increasingly recognised as influential in restoring riverine fish communities are enhanced hydrodynamic complexity (Guse et al. 2015) and improved longitudinal and lateral connectivity (Perkin et al. 2015) . Integrating these aspects into environmental flow objectives appears particularly effective in restoring long reaches of lotic (flowing water) habitats for riverine species in south-west North American streams (Dudley and Platania 2007; Wilde and Urbanczyk 2013) , lowland rivers of Australia's Murray-Darling Basin (MDB; Tonkin et al. 2019) and lowland rivers of Europe (Daufresne et al. 2015) .
For planning and implementing environmental flows, there is a broad suite of approaches depending on the desired ecosystem-societal outcomes (Tharme 2003; Acreman and Dunbar 2004; King and Brown 2006) . In Australia and South Africa, there has been emphasis on protecting entire aquatic habitats, often where the ecology of biota is poorly known, with holistic environmental flow methodologies (King et al. 2003; Arthington et al. 2006) . The building block methodology (BBM) relies on expert consensus to build a flow regime based on clear ecological and social outcomes for each flow component (King and Louw 1998; King et al. 2000 King et al. , 2003 . By clearly identifying flow-ecology relationships, an environmental flow regime can be built from a starting point of zero and then hydrological elements added to restore specific ecosystem functions (Acreman et al. 2014; Moyle 2014) .
Provision of environmental flows to maintain lotic refuges within irrigation systems, or within rivers and creeks used primarily as irrigation conduits, is an emerging theme for reestablishing fish assemblages in North America (Cowley et al. 2007; Carlson et al. 2019) , France (Aspe et al. 2016) and Japan (Onikura et al. 2009 ). Within many natural rivers and other systems that are used as conduits for irrigation, a different approach to restoring an environmental flow regime is required because the starting flows have entirely consumptive objectives (Kingsford 2000) . Two examples of these hydrological differences are during: (1) high-demand periods, when irrigation conduits are characterised by rapid increases and decreases in discharge that trigger abrupt short-term (e.g. hourly) fluctuations in water levels (Thoms and Cullen 1998) ; and (2) the 'offirrigation season', when flows are discontinued and there can be channel dewatering (King and O'Connor 2007) . Fish from lowgradient perennial rivers are not adapted to such rapid fluctuations or intermittency, and to mitigate these effects the missing flow components should be added to the consumptive flow regime (Cushman 1985) .
At a fine temporal scale (e.g. hourly), rapid changes in flows downstream of dams and weirs can reduce the abundance and reproductive success of fish (Cushman 1985; Zimmerman et al. 2010) . The challenge of planning and implementing subdaily environmental flows to maintain particular hydrological conditions is highlighted by fish that spawn in nests, including North American smallmouth bass Micropterus dolomieu, for which rapid water level fluctuations may cause the guarding male to abandon the eggs (Clark et al. 2008) , and South American pirarcu Arapaima gigas, which require a specific set of hydrological conditions to access floodplain nesting habitats (Castello 2008) . In Australia, Murray cod Maccullochella peelii also spawn in nests, which are cleaned hard surfaces such as logs or rocks (Balon 1975) , and their distribution and abundance has declined following river regulation, combined with overfishing, habitat removal, abstraction of water, cold water release from impoundments and poor water quality (Rowland 2004; Koehn and Todd 2012; Baumgartner et al. 2014) .
Where self-sustaining populations of Murray cod remain, certain elements of the flow regime seem especially influential, including: (1) no rapid major drops in water levels during the spring spawning season, which may cause reduced survival of eggs and larvae; and (2) perennial maintenance of lotic habitats (.0.25 m s À1 mean channel velocity), especially during winter, when flows in many irrigation systems typically cease, which may increase the exposure of age-0þ fish to higher rates of predation and reduced survival (Saddlier et al. 2008; Koehn and Nicol 2014) . This ecological understanding has created an opportunity to recover Murray cod by implementing environmental flows to restore lost perennial lotic habitats. Demonstrating benefits within irrigation systems may also enable greater insight into whether the perceived conflicts (e.g. maintaining reliable irrigation delivery) or modifying an entirely consumptive flow regime to gain ecological outcomes can be resolved.
Our objectives were to develop a conceptual model of Murray cod life history and apply the BBM of environmental flows to enhance the survival of eggs, larvae and juvenile Murray cod, promoting population recovery. We hypothesised that the abundance of Murray cod would increase in years following environmental flows. The three building blocks of flow we used were: (1) irrigation water for consumptive users; (2) environmental flows to buffer rapid, short-term (hourly) drops in water height during intense consumptive irrigation demand periods, which also overlap the spring nesting and spawning season; and (3) permanent lotic habitats (.0.25 m s À1 ) to enhance overwintering survival of juvenile fish when irrigation flows historically entirely cease and the system dries into a series of disconnected pools. From 2008 to 2018, we evaluated changes to Murray cod abundance before and after implementation of a perennial environmental flow regime in a major irrigation system.
Background
Murray cod conceptual life history model Endemic to Australia's MDB, Murray cod is a nationally endangered fish, growing to 1.5 m long and 50 kg, with an estimated maximum life span of 48 years (Anderson et al. 1992) . Populations tend to remain in riverine environments that preserve lotic conditions and high loadings of large woody debris (Koehn et al. 2009; Lyon et al. 2019) . Movement occurs at a range of spatial scales, for example within river valleys (hundreds of kilometres) and within reaches (tens of kilometres), and some fish move long distances (e.g. more than 200 km) during major increases in flow and floods (Reynolds 1983; Jones and Stuart 2007; Koehn et al. 2009; Leigh and Zampatti 2013) . In winterspring, adult fish move to lotic spawning habitats, where these are available and accessible (Saddlier et al. 2008; Koehn et al. 2009 ).
Spawning occurs annually, mainly from mid-spring (October-November) and occasionally early summer (December-January), during a range of river flow conditions, and migration from home sites to lotic spawning sites is common (Saddlier et al. 2008; Koehn et al. 2009 ). From mid-spring (October-November), when water temperature exceeds 188C, Murray cod spawn their eggs, in a confined group, usually on hard surfaces, such as clay ledges, undercut banks, rocks, hollow logs and in earthen hatchery ponds, confirming their spawning flexibility (Rowland 2004) . The male fish guards the nest for up to 18 days and the nest is usually in the upper water column, potentially close to the surface (Cadwallader 1977; Rowland 1998) .
After hatching and brood guarding, the larvae disperse from the nest and are regularly captured drifting downstream (Humphries 2005; Koehn and Harrington 2005; King et al. 2009) ; there is little information on settlement patterns, but juvenile fish often inhabit littoral or woody debris habitats where there can be rapid growth (Koehn and Harrington 2005, 2006; Tonkin et al. 2017 ). Early juvenile recruitment (i.e. survival to 1 year old) in the southern MDB has only been recorded in lotic habitats in river and creek channels and coincides with stable or rising flows in lotic habitats, including moderate and major rises contained within the channel, and overbank floods in the lower reaches of the Murray River (Ye and Zampatti 2007; King et al. 2009 ).
Impacts of river regulation
Mallen-Cooper and Zampatti (2018) reassessed the effects of flow regulation in the Murray River, Australia, and concluded that changes in hydraulics or hydrodynamics (changes in hydraulics over time and space) were a major factor in the decline of species like the Murray cod, whereas changes in hydrology (i.e. discharge) and flood plain inundation had been overemphasised. The major hydraulic impact identified was a change from lotic habitats in river channels to lentic weir pools, which was further confirmed by modelling (Bice et al. 2017) . Full lotic conditions include creating 'hydraulic complexity', which is a flowing habitat that is longitudinally continuous and hydrodynamically complex (e.g. fast (.0.25 m s
À1
) and slow water with local eddies, vortices, gyres, turbulence and recirculation), with structural complexity (e.g. large woody debris).
Of the remaining self-sustaining populations of Murray cod in southern Australia, all are in lotic water habitats, including Mullaroo Creek, the Edward-Wakool System, mid-and upper Murray and Ovens rivers, Broken River, Yarra River, Chowilla anabranch and the lower Darling River, and this provides insights into the conditions that favour recruitment (Rowland 1998; Koehn and Harrington 2005; Saddlier et al. 2008; Lieschke et al. 2016; Tonkin et al. 2017) . A key feature of these systems is that the hydraulics of the river channel are similar to natural, characterised by: (1) hydraulic diversity (fast-and slowflowing water), which is largely permanent or with short periods of zero flow outside the spawning season; (2) a spring (OctoberDecember) hydrology that has no rapid or major declines in flows during the spawning season; (3) largely perennial base flows in winter; (4) abundant large woody habitat; (5) a natural temperature regime; and (6) good water quality with few anoxic black water events (Koehn 2005) .
When flows are regulated for irrigation delivery they are contained wholly within the channel, but the key difference to natural flows is that there are often sudden changes in demand and use that cause widely fluctuating water levels within the channel (Mallen-Cooper and Zampatti 2018). These changes, especially sudden drops of sufficient magnitude (i.e. .0.5 m), could cause Murray cod to abandon nests in the upper half of the water column, where hollow logs and undercut banks are often located (Koehn et al. 2009 ). Where self-sustaining Murray cod populations remain, there are also largely perennial winter flows, reflecting a major difference to systems where flows are optimised for irrigation efficiency, which often have zero flow and few large persistent waterholes during non-irrigation periods, typically during winter, to minimise water losses. An effective way to address these changes is with an environmental flow regime that incorporates changes in hydraulics (water level and water velocity) that affect Murray cod life history. A conceptual model is shown in Fig. 1 . In this context, hydrology can be viewed as a tool to achieve hydrodynamic objectives (Mallen-Cooper and Zampatti 2018).
Environmental flow
The conceptual environmental flow regime for Murray cod has three key components (Table 1 ; Fig. 1 ): (1) winter and early spring flows that are either high or rising, without sharp decreases in levels; (2) a spring and early summer long, steady peak without any sharp decreases in levels (i.e. ,0.15 m variation per day, ,0.3 m in total) to inundate benches and stimulate primary productivity processes, which enables Murray cod to nest and spawn, and for larvae to emerge, potentially drift downstream and feed in a productive littoral zone (Rowland 2004; Tonkin et al. 2017) ; and (3) a winter base flow to maintain lotic habitats to improve feeding conditions for early stage juvenile fish, and to avoid zero flows where fish are forced into remnant pools and potentially exposed to greater mortality. Gunbower Creek was operated for irrigation efficiency until 2012 and, from then on (2013-18), the environmental flow was applied each year to support the ecology of Murray cod spawning and juvenile survival.
Study area
Gunbower Creek is a 126-km-long long anabranch of the midMurray River in north-central Victoria, Australia (À35.802080, 144.230813; Fig. 2 ). The creek was naturally a distributary channel with fringing wetlands, and during flow pulses and floods received water annually . Beginning in 1890, Gunbower Creek has been regulated and managed wholly for irrigation efficiency. The hydrology of Gunbower Creek was not considered for riverine fish, such as Murray cod, and these fish were affected by zero flows in winter, weir pools that create a lack of lotic reaches, much greater daily variation in water height than natural, with regular major reductions during the spring spawning season, reversed seasonality with high flows in summer and no end-of-system flow back to the Murray River.
Each year from 2001 to 2018, ,20 000 hatchery-bred Murray cod were stocked into Gunbower Creek, with fish being released along the entire length of the creek (G. Hodges, Victorian Fisheries, pers. comm.). Some years had higher stocking rates, with 120 000 fingerlings in 2012, 80 000 in 2014 and 100 000 in 2018. The key is a smooth rise and steady peak to mid-December with no rapid or major decreases in water height that would expose high-level nests. A winter base flow is also crucial. .0.4 m s
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Materials and methods Hydrology
The daily discharge and river height data for Gunbower Creek were obtained from Goulburn-Murray Water (unpubl. data) and used to develop the environmental flow based on the conceptual model of Murray cod life history.
Larval sampling to confirm the occurrence and distribution of spawning Sampling for Murray cod larvae was undertaken in Gunbower Creek during the breeding period in spring (October-December) 2013 to confirm the occurrence and spatial distribution of spawning for that year. Seven larval sampling sites were selected, with five sites from 5 km below Cohuna Weir to the downstream influence of Koondrook Weir pool (i.e. 23-km continuous lotic, 31-km continuous lentic) and two sites from slow-flowing weir pool environments from 20 km above Cohuna Weir (Fig. 2) . Field sampling for fish larvae occurred on four occasions during the spring-summer Murray cod spawning season from 5 November to 10 December 2013; there were 16 sample nights with a maximum time between sampling events of 8 days.
At each site, three drift nets and four light traps were set immediately before dusk and retrieved the following morning (i.e. ,18 h soak time). The light traps, or modified quatrefoil traps, were constructed from clear Perspex, with a removable collecting dish and a 24-h yellow Cyalume light-stick (Cyalume Technologies Inc, West Springfield, MA, USA). Each light trap had a 3.0-mm mesh fitted across the opening to exclude small predatory fish and the light traps were set into littoral habitats (Vilizzi et al. 2008) . The drift nets were 1.5 m long with an opening 0.5 m in diameter and the nets were constructed of 500-mm mesh that tapered into a removable reducing jar. Drift nets were suspended from snags to filter the top 0.5 m of the water column.
To provide an estimate of the volume of water filtered by each drift net, a measurement of water velocity was taken with a water velocity meter (FlowMate, Hong Kong SAR, PR China) in the mouth of each net upon deployment and retrieval. All larval samples were filtered through 500-mm mesh, preserved in .70% ethanol and returned to the laboratory for processing. All larval sampling in this study was carried out under permit number AEC13-27 from La Trobe University. Fish sampling was carrier out under permit number ACEC ENV/03/12/AEC from Griffith University.
Long-term sampling for Murray cod population structure
Boat electrofishing surveys were used to determine the relative abundance and size distribution of Murray cod 5 years before and 5 years after the environmental flow was implemented in 2013. Electrofishing was conducted at the same seven sites in Gunbower Creek in April-May (autumn) each year from 2008 to 2018, except in 2015. There were two sites downstream of Cohuna Weir and five upstream. None of the downstream sites was within 5 km of Cohuna Weir (which does not have a fishway) to avoid sampling any accumulations of fish. The 5.2-m electrofishing boats were equipped with 5.0-kVA electrofishing system (Model GPP 5.0 H/L; Smith-Root, Vancouver, WA, USA). The electrofisher was usually operated at 1000-V direct current (DC), 7.5 A pulsed at 120 Hz and 35% duty cycle. All boat electrofishing followed Sustainable Rivers Audit sampling protocols with 12 Â 90-s 'power-on' replicates per site (Davies et al. 2010) . Sampling was conducted during the day and all fish captured were weighed (g) and measured (total length, TL; mm) and then released.
Statistical analyses Murray cod numbers through time
To determine any changes in Murray cod numbers over time, a mixed-model analysis was performed on catch per unit effort (CPUE) for two length categories, namely juveniles ,400 mm TL and all Murray cod, from annual electrofishing among sites upstream and downstream of Cohuna Weir, and before (2008-13) and after (2013-18) implementation of the environmental flow. The juvenile size class was selected to ensure that the analyses focused on fish that were likely to be ,3 years old and could thus be attributed to enhanced abundance in association with the environmental flow (Anderson et al. 1992) .
In these analyses, years were nested within pre-and postenvironmental flow, and sites were nested within upstream and downstream of Cohuna Weir locations. log(count þ 1) data were used and all assumptions were verified using visual inspection of the residual plots. All analyses were performed using SAS/STAT (2013; SAS Institute, Cary, NC, USA).
Murray cod sizes
Total catch data were pooled from all sites above and below Cohuna Weir to demonstrate Murray cod length distributions in each section of the creek, and a two-tailed KolmogorovSmirnov goodness-of-fit test was performed to compare the (Fig. 3) . The mean number of zero flow days before and after the winter base flows (from 2002 to 2017) was 15.5 and 1.5 days respectively. In 2011, between 1 September and 31 December before implementation of spring spawning flows, the mean daily drop in water height was 0.17 m and the maximum was 0.64 m (Fig. 4) . From 2013 to 2018, following implementation of environmental flows, between 1 September and 31 December the mean drop in water height was 0.05 m and the maximum was 0.16 m. No water level data were available for 2012. The environmental flow was implemented downstream of Cohuna Weir from 13 September to 30 November 2013. In 2013, the total volume of environmental flows embedded into the irrigation delivery schedule was 19 013 ML, which was targeted to mitigate short-term hourly or daily fluctuations in water levels during the spring breeding period and provided interannual connectivity of flows, including the winter period. The environmental flow was repeated in each year from 2014 to 2018.
Owing to the 3-day travel time of flows along Gunbower Creek, water managers had difficulty in achieving a relatively stable flow below Cohuna Weir and providing for irrigation orders. Hence, the variation in water level over the critical Murray cod spawning period was ,0.5 m below Cohuna Weir and ,0.1 m at Yarran Creek (,6 km below Cohuna Weir ; Fig. 3) ; this was less than that for a similar period in 2011, when there was a 1-2-m variation per day in water level below Cohuna Weir.
Hydraulics
A HEC-RAS (US Army Corps of Engineers, Davis, CA, USA) computer model of the hydraulics of flows in Gunbower Creek was run using 53 cross-sections for the 126-km-long stream. Four flow scenarios were used that included inflows of 1000, 2000, 3000 and 3870 ML day À1 . Typical irrigation flows were then included within the upper, middle and lower reaches of Gunbower Creek. Seven detailed cross-sections were included to estimate mean channel velocity, which was compared with water surface gradient. Lotic (flowing water) habitats were nominally defined as having mean water velocities .0.25 m s
À1
, noting that 0.3 m s À1 is likely required for full lotic habitats to develop (Mallen-Cooper and Zampatti 2018) . A water surface gradient steeper than 1 : 20 000 was required to achieve lotic conditions (Fig. 5) .
Water level surface profiles are shown in Fig. 6 for each of the modelled flows, with lotic and lentic habitats identified using data from reach, between Headworks and Gunbower weirs, has lotic habitats at high flows but none at low flow; (2) the middle reach, between Gunbower and Cohuna weirs, has little lotic habitat and almost none at low flows; and (3) the downstream reach, below Cohuna Weir, has lotic habitats at all flows, notably including very low flows of 250 ML day À1 . The model excluded Thompson's and Hipwell Road weirs in the middle reach between Cohuna and Gunbower weirs; these weirs would reduce lotic habitats further by providing several kilometres of additional backwater.
Murray cod larvae
Of the 5 species of fish larvae collected, Murray cod dominated, representing 40% of total catch, with 123 collected in November and December 2013 ( Table 2 ). The majority of Murray cod larvae (89%) were collected from the light traps set in littoral habitats (e.g. partially inundated sedges, saplings, macrophytes and fallen branches) adjacent to the drift nets set in the central channel. The majority (68%) of Murray cod larvae were collected at two sites below Cohuna Weir: at Yarran Creek and at Reedy Lagoon. These sites had high-quality physical habitat (dense abundant large woody debris and littoral macrophytes) and fast lotic water (.0.3 m s À1 ). The size range of Murray cod larvae was 7-17 mm (mean (AEs.d.) 11.4 AE 1.1 mm) and based on their developmental stage (Serafini and Humphries 2004) , spawning was estimated to occur from 21 October until at least 27 November 2013. During this period, flows were 600-1000 ML day À1 (i.e. near bankfull) and water level varied by ,0.5 m (Fig. 7) . depending on location (upstream or downstream of Cohuna Weir) within Gunbower Creek (location Â period ¼ 6.4, d.f. ¼ 1, 32, P , 0.02). There were always more juvenile Murray cod below Cohuna Weir, even before implementation of the environmental flow, but after implementation of the environmental flow the magnitude of the difference was much larger (Fig. 9, 10 ). For example, there was an average of 4.9 juvenile Murray cod per site after implementation of the environmental flow (.2013), compared with 0.8 before implementation of the environmental flow. Above Cohuna Weir, there was an average of 0.71 juvenile cod per site after implementation of the environmental flow, compared with 0.15 per site before implementation.
Juvenile and adult Murray cod
Discussion
In rivers where the flow regime is regulated for irrigation, there are often strict flow schedules determined by downstream users, and these do not generally consider environmental objectives (Carlson et al. 2019) . The flow regime of Gunbower Creek reflects variable irrigation demand and typifies an altered hydrology more commonly observed below large dams and hydropower facilities, where short-term flow variability is magnified when there is high demand (Smokorowski et al. 2011) .
Spatial context of hydrodynamics and habitat
In Gunbower Creek, the environmental flows were applied over a total spatial scale of 54 km. During spring there was 23 km of lotic water and 31 km of pool habitats, whereas during winter there was 7 km of lotic habitat and 47 km of pool habitat. For Murray cod, the minimum spatial scale that supports a population is not specifically known, which is essential information for managing freshwater fish at a scale that matches life history (Fausch et al. 2002) . Within anabranch habitats, populations appear to be maintained with 11 km of lotic habitat and 30 km of pool habitat (Saddlier et al. 2008) . Hence, we propose that the 23-km lotic and 31-km lentic habitats below Cohuna Weir may be an appropriate starting point for defining a minimum scale to enable spawning and recruitment for Murray cod. Larger scales may be required in rivers with higher discharge and velocities, where larval drift could be over a greater spatial scale, whereas the maintenance of metapopulations may also require consideration of large scales for population resilience. The spatial scale for larval drift and survival is unknown, but in lotic rivers there can be a 5-to 7-day drifting phase, where larvae may travel tens of kilometres, and this is considered obligatory (Humphries and Lake 2000; Koehn and Harrington 2005, 2006) . By contrast, in Gunbower Creek, relatively few larvae were caught in drift nets, with most appearing to actively disperse into shallow littoral habitats, where they were caught in light traps, immediately after leaving the nest. Hence, the spatial scale for restoring Murray cod may be more flexible than first thought and include the common short (i.e. ,30-70 km) interweir distances of the MDB where permanent lotic habitats can be restored.
Explanations for enhanced abundance
There are three explanations for the increased abundance of Murray cod juveniles: immigration, stocking and our hypothesis of natural recruitment. Immigration into the study area could occur from downstream, upstream or large overbank floods from the Murray River (Fig. 2) . However, the most downstream weir (Koondrook) has no fishway and the upstream weir has undershot gates that can cause high mortality of larvae (Baumgartner et al. 2006) , although juveniles and subadults could potentially pass these gates. The irrigation area is largely protected from flooding, although some floodwater can come through the Gunbower Forest from the Murray River into Gunbower Creek. Regardless, the most telling evidence of poor immigration is the scarcity, over many years, of Murray cod juveniles collected before the environmental flow; during this time, the population was represented mostly by a low abundance of large fish (.500 mm TL), indicative of consistently poor annual recruitment. Between 20 000 and 120 000 hatchery-bred Murray cod fingerlings have been stocked into Gunbower Creek each year since 2001. However, relatively few juvenile fish (i.e. ,400 mm TL) were detected in the 5 years of sampling before the environmental flows. This is consistent with several previous studies where stocking of Murray cod fingerlings into large and small rivers, some of which included over-winter flows, was of limited benefit; natural recruitment was still the main driver behind population recovery (Koehn and Todd 2012; Forbes et al. 2016; Thiem et al. 2017) . The present study did not differentiate stocked and natural recruits, but recruitment of juveniles, in either case, was enhanced. Despite years of stocking, recruitment was very poor without an environmental flow regime.
The most likely explanation for increased Murray cod abundance is that the environmental flow regime improved survival of eggs, larvae or juveniles (stocked or natural). Egg survival was not measured among years, but our hypothesis is that this was enhanced by the reductions in water level fluctuations reducing nest abandonment by the male, which is particularly significant for nests in the upper water column. Stable or rising water levels in spring, with no sudden decreases, more closely resemble the conditions of rivers where Murray cod regularly recruit (Rowland 1998; Koehn and Harrington 2005; Saddlier et al. 2008; Lieschke et al. 2016; Tonkin et al. 2017) . The nest-guarding American smallmouth bass M. dolomieu is another example of a fish for which the magnitude of water level fluctuations is critical to determining reproductive success (Clark et al. 2008) .
Larval survival could have been enhanced by the hydrodynamic complexity and productivity of shallow littoral nursery habitats, which promoted feeding and survival without rapid water level fluctuations (Tonkin et al. 2017) . Finally, survival of juveniles (stocked or natural) could have been promoted by the establishment of perennial lotic habitats, especially over winter. In Gunbower Creek, the flow regime that was managed wholly for irrigation historically included a rapid draw down each autumn, where the system contracted into disconnected pools for up to 3 months over winter. Murray cod do not naturally inhabit ephemeral or intermittent systems, so fish exposed to these conditions could have poor feeding success, be stressed and have reduced survival. The environmental flow regime, with perennial lotic habitats, more closely resembles the natural hydrological and hydraulic regime of Murray cod habitats (Close 1990; Mallen-Cooper and Zampatti 2018) .
Further experimental work is required to explore the effects of each hydrological element: (1) spawning, egg and larval survival rates with spring environmental flows; (2) the value of winter lotic habitats for the survival of young stocked or naturally spawned fish; and (3) the underlying reasons for greater larval and stocked fish abundance (e.g. changes in primary productivity; Tonkin et al. 2017) . Nevertheless, there is immediate scope for broader application of annual environmental flows to help recover Murray cod in other rivers where the flow regime is dominated by irrigation needs, such as in the Goulburn, Campaspe, Loddon, Murrumbidgee, Edward-Wakool, Gwydir and lower Darling systems.
The science and implementation of the environmental flow in Gunbower Creek was designed for a single species outcome, with each component of the flow regime sequentially added to support a specific function of Murray cod life history (King et al. 2000; Acreman et al. 2014) . Although many authors have emphasised flows for holistic ecosystem recovery, we suggest that the basic components of the flow regime for Murray cod (perennial lotic habitats with more natural rates of rise and fall) reflect past natural conditions and can be viewed as a foundation hydrological and hydraulic regime from which other elements can be added to achieve multispecies outcomes. For example, in spring-summer, the addition of small water level variations may cue spawning of silver perch Bidyanus bidyanus ) and a sharp flow rise can cause spawning of golden perch Macquaria ambigua (Sharpe and Stuart 2018) .
Fishes that guard eggs, have adhesive eggs or require perennial lotic habitats encompass a large group of species in temperate (Teletchea et al. 2009 ) and tropical (Winemiller et al. 2008) rivers. These fish are at high risk from short-term fluctuations of water levels (causing nest abandonment or exposure of eggs) and loss of lotic habitats (Clark et al. 2008) . Hydropower and irrigation have caused major changes to the hydrology and hydraulics of rivers globally, including shortterm (hourly; Smokorowski et al. 2011 ) and long-term changes in discharge, water levels and hydrodynamic complexity (Nilsson et al. 2005; Schmutz and Moog 2018) . Environmental flow is the most common tool for mitigating these impacts using hydrology (i.e. discharge) with daily, seasonal and yearly time steps (Baumgartner et al. 2014) . The present study suggests that incorporating hydraulics (water level and velocity) at fine and coarse time scales, over spatial scales that reflect life histories, should be a transparent aim of managed flow regimes with environmental objectives.
